Background -Silica-induced pulmonary inflammation and fibrosis in animals provides a good model for chronic pulmonary inflammation and fibrosis. Although lymphocytes are implicated in the pathogenesis of pulmonary fibrosis, experimental models using silica-treated athymic nude mice have not been successful in showing the fibrogenic mechanism regulated by T cells. The aim of this study was to re-evaluate the role of T lymphocytes in the development of silicosis by comparing the response to silica administration of nude athymic mutants with that of euthymic animals. Methods -Suspensions of silica particles were transnasally administered to nude athymic mice (BalbIc nu/nu) as well as to their euthymic littermates (Balb/c nu/+). The degree of pulmonary inflammation and fibrosis was assessed on days 14, 28, and 56 based upon histological observation, analysis of collagen deposition in the lungs, and analysis of the cellular constituent, protein, and phospholipid content in the bronchoalveolar lavage fluid. Results -Histologically, athymic mice developed less severe interstitial pneumonitis than euthymic mice. In euthymic mice the lung hydroxyproline content increased with time after silica administration from 6.48 (0.38) gg hydroxyproline/mg dry lung weight on day 0 to 8.87 (0.41) ftg/mg on day 56. A gradual increase in lung hydroxyproline content was also observed in athymic mice but the increase was significantly smaller than in euthymic mice (6.63 (0.43) 
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Background -Silica-induced pulmonary inflammation and fibrosis in animals provides a good model for chronic pulmonary inflammation and fibrosis. Although lymphocytes are implicated in the pathogenesis of pulmonary fibrosis, experimental models using silica-treated athymic nude mice have not been successful in showing the fibrogenic mechanism regulated by T cells. The aim of this study was to re-evaluate the role of T lymphocytes in the development of silicosis by comparing the response to silica administration of nude athymic mutants with that of euthymic animals. Methods -Suspensions of silica particles were transnasally administered to nude athymic mice (BalbIc nu/nu) as well as to their euthymic littermates (Balb/c nu/+). The degree of pulmonary inflammation and fibrosis was assessed on days 14, 28, and 56 based upon histological observation, analysis of collagen deposition in the lungs, and analysis of the cellular constituent, protein, and phospholipid content in the bronchoalveolar lavage fluid. Results -Histologically, athymic mice developed less severe interstitial pneumonitis than euthymic mice. In euthymic mice the lung hydroxyproline content increased with time after silica administration from 6.48 (0.38) gg hydroxyproline/mg dry lung weight on day 0 to 8.87 (0.41) ftg/mg on day 56. A gradual increase in lung hydroxyproline content was also observed in athymic mice but the increase was significantly smaller than in euthymic mice (6.63 (0.43) pg/mg on day 0, 7.90 (0. 19) tg/mg on day 56). Administration of silica resulted in an increase in the number of macrophages and neutrophils and in the total protein and phospholipid content of the bronchoalveolar lavage (BAL) fluid in both mouse strains. No significant difference was detected between athymic and euthymic mice in the numbers of macrophages, but the increase in neutrophils in the BAL fluid of athymic mice was significantly smaller than in euthymic mice on days 14 and 56. The total protein and phospholipid content of the BAL fluid from athymic mice was lower than that from euthymic mice. Conclusions -T lymphocytes appear to be involved in the pathogenesis of silicainduced pneumonitis. Since pulmonary fibrosis develops even in nude athymic mice, T cells do not seem to play a primary part in the fibrogenic response but they regulate, at least to some extent, the response of inflammatory cells and fibrogenesis of the lung. (Thorax 1996j51:1036 (Thorax 1996j51: -1042 Keywords: athymic mice, T lymphocytes, silicosis, pulmonary fibrosis.
The cellular mechanisms in the development of pulmonary fibrosis have been extensively studied but are poorly elucidated. Many investigators suggest that lymphocytes, especially T lymphocytes, play an important part in the response to fibrogenetic stimuli.' 2 The ability of T cells to modulate fibroblast proliferation has been established in vitro.34 Many animal models have been employed to analyse the pathogenesis of fibrosis in vivo, and nude athymic mice have been generally used to clarify the role of T cells. In bleomycininduced pulmonary fibrosis, nude mice have reduced collagen deposition in the lung.5 The involvement of T lymphocytes in interstitial pneumonitis induced by pepleomycin6 and by trehalose7 has also been reported in athymic nude mice.
Experimental silicosis in animals is another good and well documented model for the study of the mechanisms of chronic pulmonary inflammation and fibrosis.8 Activated macrophages and cytokines released from them are widely accepted as primary factors in the pathogenesis of silicosis.8-12 However, histological assessments of the pulmonary interstitium and analyses of bronchoalveolar lavage (BAL) fluid in silica-treated animals have suggested that lymphocytes are also activated in silicosis,'3 and that their interaction with activated macrophages may be important in the control mechanism of chronic pulmonary inflammation and the fibrogenic response.'4 16 Nonetheless, the involvement of T lymphocytes in silica-induced pulmonary fibrosis has not been clearly elucidated in nude athymic mice. '7 Hubbard reported that neither T cells nor the cells they influence affect the amount of collagen deposition elicited by silica. '8 Regulation of the fibrotic response in the airways by T cells has recently been reported. '8 20 Interactions between lymphocytes and macrophages have been well established,2' 23 The removed lung was washed in physiological saline and freeze dried at -50°C. The dried whole lung was hydrolysed in 6N HCI at 11 0°C for 18 hours. The solution was neutralised with NaOH and centrifuged atlOOOg for 10 minutes. The hydroxyproline content of each sample was determined using the assay of Woessner36 and the mean value of the triplicates was employed. Since athymic mice are smaller in body weight than euthymic mice of the same age, the increase in hydroxyproline content of the whole lung relative to body weight was calculated as a lung hydroxyproline index defined as follows, based upon a lung index:
Lung hydroxyproline index = (lung hydroxyproline content/body weight)animal in question (lung hydroxyproline content/body weight)control animal A lung index of > 1.0 means that there is an increase in lung hydroxyproline content relative to body weight.
ANALYSIS OF BAL FLUID
In order to assess pulmonary inflammation, the constituents of the BAL fluid were also analysed.37 Bronchoalveolar lavage was repeated by injecting 0.6 ml physiological saline intratracheally until 5 ml of BAL fluid was collected from each mouse. Cells in the BAL fluid were collected by centrifuging at 400g for 10 minutes and resuspended in 1 ml of calciumand magnesium-free Hank's balanced salt solution (GIBCO). A portion of the cell suspension was stained with trypan blue for total cell counting. After collecting cells onto a glass slide in a cytocentrifuge (Shandon Southern Products, Cheshire, UK) the cell differentials were analysed by staining with Diff-Quick (HARLECO, Philadelphia, Pennsylvania, USA). For each smear 500 cells were analysed morphologically. The total protein content of the cell-free BAL fluid supernatant was measured using BCA Protein Assay kit (PIERCE, Rockford, Illinois, USA). Each sample was analysed in triplicate and the mean value was used as the BAL fluid protein content of each mouse expressed as ig protein/ml BAL fluid.
Lipids in the cell-free BAL fluid were extracted with chloroform and methanol after freeze drying.38 The phospholipid content of the extracted lipids was determined by the microphosphorus method of Rouser et al'9 and the mean value of the triplicate samples was used as the phospholipid content of the BAL fluid of each mouse expressed as nmol phosphate residues/ml BAL fluid.
STATISTICAL ANALYSIS
The data are expressed as mean (SE) values. Statistical analyses included one-way analysis of variance and Student's t test of unpaired data. To analyse the difference in the histological scores among different experimental groups a non-parametric test (Kruskal-Wallis) was used because the data are not normally distributed. Differences between means were regarded as significant when p < 0.05. Figure 1 demonstrates the pulmonary lesions induced by silica in normal (A and B) and nude (C and D) athymic mice on day 56. Interstitial pneumonitis developed in both strains but athymic mutants had milder lesions. Thickening of alveolar septa and formation of granulomas was considerable and widespread in the lungs of silica-treated euthymic mice. In athymic mice alveolar thickening was generally mild and granulomas were small and sparsely scattered, although severe lesions were observed locally in the lungs of some animals. The cells infiltrating into the granulomas were mostly mononuclear in both strains. The degree of the lesions showed considerable variability from mouse to mouse, being almost fully developed by day 14 in some and only mild in others. On average, the pathological findings on days 14 and 28 in silica-treated mice were similar to those on day 56. Lungs from nu/+ and nu/nu mice administered with saline (control) showed almost no abnormalities (not shown).
Results

PULMONARY LESIONS
A summary of the pathological findings, quantified as histological scores, is shown in fig  2A. The hydroxyproline content of the whole lung from euthymic mice showed a steady and significant increase after treatment with silica ( fig 3A) . Although an increase in the hydroxyproline content of the lung was also observed in athymic mice, it was significantly smaller than in euthymic mice. The difference between euthymic and athymic mice became greater as time passed after administration of silica. On (fig 4) . Thei cant difference in the number between the two strains. Athymic mice showed a smaller increase in the number of neutrophils in the BAL fluid than euthymic mice on days 14 and 56, but on day 28 the difference was not significant. +
The degree of pulmonary inflammation was ** also assessed by analysing the protein content of the BAL fluid. As shown in fig 5 , the protein content of the BAL fluid from silica-treated mice increased, with a significant attenuation of the increase in athymic mice compared with euthymic mice. The attenuation was most obvious on day 28. On day 56 the protein content of the BAL fluid from silica-treated nu/+ mice remained at a similar level to that on day 28, while that from nu/nu mice showed a significant increase (p < 0.05).
Since an increase in the phospholipid content of the BAL fluid is characteristic of 42 56 silica-treated animals, we also compared the phospholipid content in the BAL fluid from ntent of the cell-free euthymic and athymic mice ( fig 6) and found it a suspension or saline to be increased in silica-treated euthymic mice.
(SE) of [5] [6] [7] [8] [9] Athymic mutation significantly declined the o untreated mice.
increase, although a gradual increase was also '01 compared with obsred in athymic mice.
observed in athymic mice.
Discussion
In this study we have investigated the role of T lymphocytes in silica-induced pulmonary inflammation and fibrosis by comparing nude athymic and euthymic mice. Histological ob-* servations and assessment of lung indices showed that nude athymic mutation protects against silica-induced pulmonary inflammation, suggesting the involvement of T lym-* phocytes in the pathogenesis of silicosis.
Analyses of BAL fluid further confirmed the modulation of pulmonary inflammation by T lymphocytes since the increase in the protein and phospholipid content of the BAL fluid, a change characteristic of silicosis, was significantly smaller in athymic mice.
56
Collagen deposition in the lung, evaluated as 42 56 the hydroxyproline content of the whole lung,'7 18 was significantly reduced in nu/nu ntent of the cell-free mice. However, this observation does not sima suspension or saline ply indicate that athymic mutants are more untreated mice. resistant to pulmonary fibrosis than euthymic th euthymic mice. mice because athymic animals are smaller in body size (and, accordingly, in lung size) than e compared with euthymic animals. In order to eliminate the ings from nude effect of differences in the body weight and to lica also showed evaluate the difference in lung collagen deposice from control tion more correctly, we have introduced a lung significant (p = hydroxyproline index (lung hydroxyproline oline content/dry content relative to body weight) following a thymic mice was lung index.33 The indices increased gradually of silica-treated after administration of silica, and nu/nu mice l days 14 and 28, showed a significantly smaller increase than significant differ-nu/+ mice. We therefore conclude that lung Lthymic mice, nor collagen deposition is reduced in athymic ine-treated mice. animals regardless of body weight, and that the mechanism of fibrogenesis in the lung is regu-[ON lated by T cells.
-da significant We have also examined the hydroxyproline nacrophages and content per dry lung weight of the animals as both in euthymic an index of collagen deposition independent of re was no signifi-lung size ( Since nu/nu mice are considerably smaller in body weight than nu/+ mice, administration of the same amount of silica to both strains might be an overdose for athymic nude mice. Extreme activation of macrophages by an overdose of silica may cause the pathogenic process to get out of lymphocyte control, resulting in surplus fibrosis. In addition, Hubbard compared only the whole lung hydroxyproline content and made no mention of the hydroxyproline content relative to body weight or lung weight. If athymic mice had a similar content of hydroxyproline in the whole lung it would indicate that they had developed more collagen deposition relative to body and lung weight and that the absence of T lymphocytes augmented silica-induced pulmonary fibrosis. We consider that our methods of administering silica (a fixed dose/body weight) and evaluating the degree of pulmonary fibrosis are more feasible for comparing animals of different sizes.
Other factors -for example, age -may have resulted in differences in the response of mice to silica. The mice used in our study were five week old males while those used by Hubbard were 8-12 week old males. The method of administration may also have made a difference; we administered silica transnasally while Hubbard administered it transtracheally. However, we consider our method of administration to be more physiological for an inhalation disease model and less aggressive to animals.
Allowing for the differences in methodology, the discrepancies between Hubbard's study and ours suggest that the regulation of pulmonary fibrosis by T cells is not simple and is affected by many factors.
In conclusion, nude athymic mice were shown to protect against silica-induced pulmonary inflammation and fibrosis. These results suggest that T lymphocytes control the cellular interactions that lead to a fibrogenetic respon-se of the lung and that agents which suppress T cell function may be useful in the treatment of pulmonary fibrosis. However, T cells do not seem to exercise primary control in the pathogenesis of silicosis because reduced but definite collagen deposition was observed in the lungs of athymic mutants. The details of the cellular interactions and cytokines involved require further investigations.
